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In this investigation a metallic composite with a cracked micro has been investigated using finite ele-
ment method. Particulate reinforced composite is one of the most favorite composite due to it quit isotopic 
properties. While being in metallic status, the micro particles may be subjected to deterioration which lead 
to crack embedded initiation within the micro particle. This crack lead to degradation in the mechanical as 
well as the fracture behavior in the composite. Mechanical characteristics through estimating the stiffness 
of the composite has been studied for intact and cracked particles as well as for the fractured particles. It 
has been found that as long as the crack propagates in the micro particle, there is reduction in the compo-
site stiffness and increases in the stress intensity factor (SIF). 
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1. INTRODUCTION 
 
In order to improve the characteristics of a material, 
by introducing a second phase, either in the form of 
fibers or particulates is the traditional way implement-
ed to improve the properties of a material. Over the past 
decades, many composites have been developed by mix-
ing a micro-sized to the matrix as reinforcements. At 
the present time, the main interest has been focused on 
nanocomposites, i.e., materials in which the secondary 
phase is nano-sized. Moreover, the characterization and 
failure of the composite still the main concern of the 
researches, therefore a massive attention has been 
spent to elucidate the factors affect the failure and 
hence the deterioration of the composite stiffness, espe-
cially in term of fracture mechanics. 
The self-organization of the set of active nanoparti-
cles was analyzed on the basis of phase portraits [1], 
whereas CdxZn1 – xS nanoparticles have been synthe-
sized using hydrothermal method. Structural character-
ization was done by XRD where the lattice structure 
gradually changes from hexagonal to cubic with increas-
ing percentage of Zn inCdxZn1 – xS nanoparticles [2]. It 
was reported that the comparison between ZnO nano-
particles prepared via two different routes. It was found 
that when prepared under the same ambient conditions 
viz temperature, pressure etc. and keeping all the pa-
rameters same, the nanoparticles prepared via Sol-gel 
route were highly crystalline and had smaller crystallite 
size as compared to the one prepared by Solid state 
reaction method [3]. On the rother hand, Zn1 – xMnxS 
nanoparticles were synthesized using a co-precipitation 
method. Structural characterization by X-Ray diffrac-
tion (XRD) measurement revealed that all the synthe-
sized samples were crystallize in the monophasic cubic 
zinc blende structure and monotonous decrement in the 
lattice constants with increasing Mn content, due to the 
effective Mn doping [4]. The Cu2ZnSnS4 (CZTS) nano-
particles were successfully synthesized by Chemical co-
precipitation method with different synthesis tempera-
tures. The synthesized nanoparticles were characterized 
by X-ray diffraction, Raman Spectroscopy, Scanning 
electron microscopy, Energy dispersive spectroscopy 
and UV-VIS-NIR spectrophotometer [5]. Metal-carbon 
nanocomposites on the basis of polyacrylonitrile and 
compounds of metals (Fe, Ni, Co) synthesized at  
IR-heating and studied by SEM, X-ray phase analysis, 
Raman scattering, IR Fourier spectroscopy are charac-
terized by the carbon nanostructured amorphous graph-
ite matrix with uniformly distributed nanoparticles of 
metals (10-30 nm), their oxides and compounds – FeNi3 
and FeCo, multilayered carbon nanotubes (~ 7-22 nm), 
and in the composition of Fe-Co / C fullerene-like for-
mations – C60 [6]. While efforts have been made to syn-
thesize quaternary alloy nanostructures with high sur-
face area for application in many fields, a detailed ex-
ploration of quinternary alloy  nanostructures has not 
been reported until now. This work investigates the 
optimum crystallization parameters for reducing crystal 
defects in Cu2Zn1 − xCdxSnS4 quinternary alloy 
nanostructures [7] 
Particle fracture is one of the fundamental damage 
mechanisms of particle-reinforced composite materials, 
therefore Mehmet et al. [8] and many researchers 
demonstrated that the fracture behavior of sand parti-
cles in DEM using agglomerates showed that it is quite 
match the 3D physical shape of silica sand particles by 
mapping the 3D particle morphology from the SMT 
images. It was explained that agglomerates that closely 
match the physical shape of sand particles which can 
better reproduce the mode of failure, orientation of par-
ticles, and contact configuration when compared to 
spherical agglomerates. Ceramic and silica particles can 
effectively reinforce bulk polymers [9], whereas an oxide 
ceramic based composite of Al2O3-SiO2-ZrO2 (ASZ) sys-
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tem was developed and investigated using a pressure-
less sintering route [10]. The effect of compositions of 
each component on the microstructure, i.e., density and 
hardness properties were studied. Gurusamy and Prabu 
[11] demonstrated the results of a study carried out to 
understand the effect of the squeeze pressure on the 
mechanical properties of Al / SiCp composites, fabricat-
ed by the squeeze casting. A numerical studies inten-
sively used, which are mainly based on the finite ele-
ment technique for the optimization of mechanical 
properties by changing of intrinsic parameters. The 
depreciation in body stiffness results from the existence 
of fractured particles. Therefore, it becomes important 
to predict the stiffness change of particulate composites 
as a function of the extent of particle fracture, particu-
larly from the view point of damage-tolerant design of 
composite structures [12]. It was predicted the effective 
Young’s modulus of a particulate composite containing 
fractured particles by considering some particles were 
fractured while others remained intact. Many studies 
were done on particulate composites with particle frac-
ture. A double-inclusion model, originally developed to 
determine effective linear elastic properties of composite 
materials, was reformulated and extended to predict the 
effective nonlinearelastic-plastic response of two-phase 
particulate composites reinforced with spherical parti-
cles [13]. FEM was used to predict the impact of a pre-
crack on the mecjsnicsl properties of fiber reinforced 
polymer [14]. Basically, the first principle work of Mori 
and Tanaka [15], originally concerned with calculating 
the average internal stress in the matrix of a material 
containing precipitates with eigenstrains. The method 
is to estimate the average internal stress in the matrix 
of a material containing inclusions with transformation 
strain. The Mori-Tanaka method was extended to de-
termine the effective Young’s modulus of the composite 
weakened by the fractured particles, where the case 
falls within the general subject of stiffness properties of 
cracked solid materials [16]. A reformulation of the 
Mori-Tanaka's theory in its application to the computa-
tion of the effective properties of composites was adopt-
ed by Benveniste [17]. Moreover, finite element method 
(FEM) was adopted for comparison. Based on the in-
cremental damage theory, the influences of particle-
cracking damage and its residue strengthening capacity 
on the stress-strain response of particle reinforced 
(metal matrix composite) MMC under uniaxial tension 
were investigated by Jiang et al. [18]. Different damage 
modes were identified for particle reinforced metal ma-
trix composite (PMMC) [19]. It was reported that for a 
certain PMMC under the specific loading, the corre-
sponding damages mainly rely on the constituent’s 
properties, the interface bonding, particle shape and 
distribution in the matrix [20]. Among these damage 
modes, particle-cracking is regarded as a very serious 
case that badly decreasing the strength, ductility and 
fracture toughness of PMMC. A thorough understand-
ing of dependence of particle cracking on the micro-
structures is thus essential. Many researchers have 
been reported about damage-structure relationship that 
carried out by different methods. Maire et al. [21] pro-
posed a model which incorporated damage, where the 
model treats damaged and undamaged regions as dis-
tinct continuous phases and allows the relative volume 
fraction of each phase to vary during deformation. Be-
sides the model considers the influence of particle size 
and incorporates the results of existing Finite Element 
Method (FEM) calculations. Ahmed [22] investigated 
the impact of the interfacial debonding on the mechani-
cal properties of nanofiber reinforced composites. Godoy 
et al. [23] identified the stress redistributions that take 
place at the unit cell level, in which damage has already 
occurred due to an independent process. Damage is 
modelled by means of interface defects, in which the 
number and size of defects are considered as parame-
ters of the damaged configuration and also by changes 
in material properties. RSA (Random Sequential Ad-
sorption) method was used [24] to generate the repre-
sentative volume element RVE models of syntactic 
foams particulate composites made of syntactic foams 
obtained by filling a polymeric matrix with hollow glass 
microballons (HGMs). Besides, through the finite ele-
ment analysis based on RVE models, it was obtained 
effective elastic constant of syntactic foams and micro-
scopic stress field distribution. It was found that wall-
thickness ratio of HGM plays a crucial role in the effec-
tive Young's modulus. A spherically shaped filler diame-
ter and interphase effects on the Young's modulus of 
micro and nano size silicon dioxide (SiO2) particle rein-
forced epoxy composite materials were investigated by 
Jang et al. [25]. Both micro- and nano-composites are 
prepared at two different particle loading fractions for 
tensile testing. It is observed that the nano-composites 
show significant increase in Young's modulus over mi-
crocomposites, showing a linear increase as particle 
volume fraction increases. Lin et al. [26] proposed a 
finite element formulation for a non-local particle meth-
od for elasticity and fracture analysis of 2D solids. The 
model is based on a new particle method which incorpo-
rates a non-local multi-body particle interaction into the 
conventional pair-wise particle interactions. The non-
local particle method is capable of modeling solids with 
arbitrary Poisson's ratio. Finite element method was 
used as well to study the impact of the mismatch on the 
stress distribution [27]. Hua and Gu [28] predicted the 
thermo-mechanical behavior of 2080 aluminum alloy 
reinforced with SiC particles using the Mori-Tanaka 
theory combined with the finite element method. The 
influences of particle volume fraction, stiffness, aspect 
ratio and orientation were examined in terms of effec-
tive Young's modulus, Poisson's ratio and coefficient of 
thermal expansion (CTE) of the composite. For certain 
particle-reinforced composites, the elastic moduli meas-
ured ultrasonically did not obey the OOFEM. The mis-
match was attributed to the presence of damage be-
cause of debonding between Ni and Alumina phases 
[29]. Recently, Kumar and Ghosh [30] studied the dy-
namic fragmentation of brittle materials using the 
cracking particles method (CPM) with obscuration zone, 
where the CPM is an effective meshfree method for 
arbitrary evolving cracks. The influence of the variation 
in material properties with different stochastic input 
parameters on the results is studied as well. 
Basically, the objective of the present study is to esti-
mate the effective stiffness for intact particles embedded 
in composite, and for a fully fractured particles as well. 
Besides, whereas fracture mechanics is used to predict 
stress intensity factor for a rang of the crack length. 
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2. PROPERTIES OF PARTICLE AND  
COMPOSITE 
 
The mechanical properties of the matrix are taken 
to be of 200 GPa for the modulus of elasticity (Em) and 
0.38 for the Poisson’s ratio (m). Besides, the mechani-
cal properties of the reinforced particle to be a Poisson’s 
ration of p  0.2, whereas a range of the modulus of 
elasticity of Ep  1000, 2000 and 4000 GPa, which is 
corresponding to the particle-matrix ration (i.e., Ep/Em) 
of 5, 10 and 20. Linear elastic behaviour of the particu-
late composite material is considered in the study, for 
both matrix and the reinforcement. Moreover, a perfect 
bonding between the particle and the matrix boundary 
is maintained. 
 
3. MODELING USING FINITE ELEMENT 
METHOD  
 
Finite element analysis is adopted to predict the 
stiffness variation of a particulate composite for intact 
and a fractured particles, where the fractured particle 
presumed to contain penny-shaped crack that divides 
the particle into equal halves, (i.e., the crack faces are 
normal to of the principal direction of the composite), as 
illustrated in Fig. 1. 
 
 
 
Fig. 1 – Particulate reinforced composite contains with frac-
tured particles 
 
Two dimensional, plane strain model is proposed to 
estimate the effectiveness stiffness as well as the stress 
intensity factor. A representative volume element (RVE) 
is selected for analysis, as shown in Fig. 2. 
 
 
Fig. 2 – RVE for fractured particle 
Due to symmetry of the RVE designated, a quarter of 
the studied RVE are modelled, as elucidated in Fig. 3, 
which represents the boundary conditions used in the 
FEA. 
 
 
 
Fig. 3 – Boundary conditions for a fractured particle 
 
Two dimensional finite element options are adopted 
through ANSYS software, where tt was demonstrated 
that 2D can be used for accepted margin of error instead 
of 3D analysis [31]. Basically, 8-node solid element (Plane 
82) is chosen to be the candidate element to be used in the 
analysis. Figure 4 illustrates FE mesh of the RVE that 
adopted in the present analysis, where it is obvious shown 
the singularity elements around the crack tip. 
 
 
 
Fig. 4 – FE mesh and boundary conditions of RVE 
 
The particle volume fraction (Cp) is considered as 0.1, 
0.2, 0.3, 0.4, 0.5 and 0.6 to predict the effective stiffness 
of the composite, whereas for the basic reference case 
(Cp  0 and E  Em), where there is no reinforcement in 
the composite. In particular, the results of the effective 
modulus of elasticity of the composite structure was 
exactly identical to the matrix stiffness, i.e., Em, which is 
used to verify the validity of the proposed model. Basi-
cally, plane strain conditions is applied for this verifica-
tion. The composite is subjected to a unit tensile stress 
perpendicular on the fractured particle face. Moreover, 
multiple point constraint (MPC) is adopted in the analy-
sis to maintain a uniform axial displacement of the mod-
el and hence to be applicable using Hook’s principle for 
the stiffness estimation [32]. 
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4. ESTIMATING COMPOSITE 
 
Many researches have been involved in prediction of 
the effective Young’s modulus of a particulate compo-
sites with fractured particles and even with highly ap-
proximate analytical solutions, FEM [33]. As a matter of 
fact, it is known that estimation the effective stiffness of 
the composite is considered relatively quit easy of a peri-
odic particle arrangement packing [34]. This allows 
adopting a repeated unit cell with a periodic boundary 
conditions, so eventually the determination of the target 
properties is an easy job. However, it is an important 
matter to predict the variation in the stiffness of a com-
posite material with deteriorated particles, since the 
final stage of the failure depend essentially on the rein-
forcement properties. Using an extension to Mori-
Tanaka method to determine the effective Young’s mod-
ulus of fractured particles composite materials was done 
by Teng [12] with detailed derivations, where the aver-
age stress and strain of a single fractured particle within 
an infinite matrix and subjected to a remote stress. A 
verification of the extended method was accomplished 
using 3D finite element method, which revealed an ex-
cellent agreement with the developed model of a particle 
composite with body-centred cubic packing as well as 
with the available experimental results. The main objec-
tive of the study is to estimate the effective Young’s 
modulus, i.e., stiffness, of the particulate composite ma-
terial through two scenarios, fully intact and fractured 
particles. Due to complications of the 3D FEA, especially 
whenever involves fracture mechanics prediction, usual-
ly researchers simplify the studied cases into 2D analy-
sis and accepting minor errors due to approximations 
adopted. Mainly this technique is a popular and widely 
used especially taking into account the time and efforts 
spent in the modelling as well as the execution time of 
the FE models. 
The effective Young’s modulus is predicted through a 
simplified principle of solid mechanics, i.e., Hook’s law 
[32]. The generalized Hooke’s Law in 3D assumes that 
the material is elastic and isotropic, strain-to-stress 
relations can be expresses as: 
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where: 
ii is normal stress in ii direction, Pa 
ij is shear stress in ij direction, Pa 
𝜖ii is normal strain in ii direction 
ij is shear strain in ij direction 
E is modulus of elasticity, Pa 
G is modulus of rigidity, Pa 
T is temperature 
 is coefficient of thermal expansion 
 is Poisson’s ratio 
To get stresses if the strains are given, the most ex-
pedient method is to invert the matrix equation: 
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Here is an “effective” modulus modified by Poisson’s 
ratio: 
 
?̂?  
 
           
 (3) 
 
For uniaxial deformation, and by neglecting the 
thermal effect, the stiffness of a body subjected to uniax-
ial stress can be estimated via Hook’s principle, which is 
represented by: 
 
 𝐸  
 
 
 (4) 
 
where: 
E is Young’s modulus (i.e., stiffness), Pa 
 is the applied stress, Pa 
 is strain 
Accordingly, the effective stiffness of the particulate 
composite subjected to uniaxial stress was calculated 
through the following equations: 
 
𝐸          
   
  
 (5) 
 
where: 
 
L is the length of the RVE (i.e., the quarter model of 
the particulate composite) 
Ux is the FE result of axial displacement corre-
sponding to the applied stress . 
In this regard, it is important to clarify that MPC 
(multiple point constraint) is adopted in the analysis on 
the edge where the uniaxial stress is applied to maintain 
a uniform axial displacement of the model and hence to 
be applicable using Hook’s principle. 
 
5. RESULTS AND DISCUSSION 
 
The first phase of the investigation is to study the 
impact of the deteriorated particle on the effective stiff-
ness of the composite, where a couple of cases analyzed, 
intact particle as well as fully cracked particle. Basically, 
a multiple point constraint method (MPC) technique is 
used for the entire analysis for the stiffness estimation 
particularly. Hook’s principle is used to estimate the 
effective stiffness of the reinforced composite for the 
intact case, which is based on using the displacement 
results. Figure 5 shows the axial displacement of the 
RVE of the studied particulate composite. 
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Fig. 5 – Axial displacement of the RVE contains fractured 
particle 
 
It is clearly depicted from Fig. 6 that for intact parti-
cle, the effective stiffness of the composite significantly 
increases with the increase of the Young’s modulus of 
the particle (i.e., Ep/Em). Especially, it is more significant 
once the particle volume fraction becomes higher (i.e., 
Cp  0.1). For intact case with Ep/Em  5, an increase in 
the stiffness from 1.25 up to 2.65 observed when Cp 
changes from 0.1 to 0.6 respectively, and this is ascribed 
to the particle’s stiffness. In the other hand, a reduction 
in the stiffness observed due to presence of the crack is 
equal to 18 % for Cp  0.1 and 79 % for Cp  0.6, where 
the composite started losing its strength. 
 
 
 
Fig. 6 – Effective stiffness of the composite as a function of 
particle volume fraction (Cp) for intact and fractured particle 
 
A little increase in the stiffness due to increase the 
particle’s stiffness for the Ep/Em is witnessed, in compar-
ison to the former case, where E/Em becomes 1.3-3.25 for 
the Cp  0.1-0.6 for intact cases. Whereas a reduction of 
18 %-75 % noticed for the stiffness for the same range of 
Cp. More Ep/Em causes more stiffness levels (i.e., 1.3-4), 
but for the cracked particle, less impact predicted than 
the other studied cases (i.e., Ep/Em  5, 10), but still with 
high levels of 12 %-68 %. 
Figure 7 demonstrates the deformation of RVE which 
includes a fractured particle, where it is clear that the 
crack face suffers from axial displacement due to axial 
load applied. 
 
 
Fig. 7 – Deformed body for the cracked particle of the composite 
 
A clear evidence illustrated from Fig. 8 that stress 
intensity factor estimated through FEM shows that for 
Cp  10 %, the normalized levels of SIF starts little bit 
decreasing for a small crack (2a/Dp  1/3) from 0.73 to 
0.67, which is equivalent to 8 % reduction in SIF. This is 
attributed by the increase of the Ep/Em to four times 
than before. As long as the crack length increases, it is 
anticipated to increase SIF levels, where for fully crack 
length (a/Dp  1/2), a significant increase in SIF is esti-
mated about 2.5 times at the highest particle stiffness. 
 
 
 
Fig. 8 – Normalized SIF with respect to crack length in frac-
tured particle (Cp  10 %) 
 
On the other hand, as long as Cp increases for the 
fractured particle, it is it is observed that KI normalized 
suffers from reduction in the levels for all Ep/Em values 
starting from intact cases up to fully fractures particles. 
This can be illustrated clearly in Fig. 9. 
 
 
 
Fig. 9 – Normalized SIF with respect to crack length in frac-
tured particle (Cp  20 %) 
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Fig. 10 – Normalized SIF with respect to crack length in 
fractured particle (Cp  30 %) 
 
In general, for the Cp  30 %, a little increase of 3 % 
in the normalized SIF of the cracked particle is demon-
strated in comparison with the previous case for the 
maximum stiffness ratio adopted in the analysis (i.e. 
Ep/Em  20) and for the shortest crack length of the 
particle, as shown in Fig. 10. Once the particle consid-
ered as fully cracked, a remarkable growth in SIF from 
3.4 to 7.6 which is approximated to 124 % increase at 
the peak particle stiffness. 
 
6. CONCLUSIONS 
 
In general, it has been observed that once the parti-
cle becomes deteriorated, a remarkable reduction in the 
effective stiffness of the composite take place, especially 
for the fully cracked cases studied. As a consequence, it 
is expected that this is going to have an impact on the 
fracture behavior of the particle, where it has been 
shown that the normalized stress intensity factor of the 
proposed cracked particle increases as long as the crack 
length increases. The maximum value occurs when the 
particle is fully cracked, i.e., the lowest stiffness demon-
strated. Beyond this point, the case needs to be more 
investigated. 
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